Helicases are ubiquitous enzymes that unwind double-stranded DNA (dsDNA) to reveal single-stranded DNA (ssDNA) during essential processes such as replication, transcription, or repair. The Escherichia coli RecQ protein is a 3′ to 5′ helicase, which functions in the processes of homologous recombination and replication fork restart. Here, we analyzed the relationship between ATP hydrolysis by RecQ and its translocation on ssDNA. We monitored a single round of RecQ translocation on ssDNA by measuring the rates of inorganic phosphate release during translocation, and the dissociation of RecQ from ssDNA. We find that RecQ translocates with a rate of 16ðAE4Þ nucleotides/s and moves on average only 36ðAE2Þ nucleotides before dissociating. Fitting to an n-step kinetic model suggests that the helicase displays a nonuniform translocation mechanism in which it moves approximately five nucleotides rapidly before undergoing a rate-limiting kinetic slow step. Unexpectedly, RecQ requires a length of 34ðAE3Þ nucleotides to bind and translocate on ssDNA. This large site size suggests that several monomers are required to bind DNA prior to translocation. Energetically, the RecQ helicase couples the hydrolysis of one ATP molecule to the translocation of more than one nucleotide (1.6 AE 0.3). Thus, our data show that RecQ translocates on ssDNA by efficiently coupling the hydrolysis of one ATP molecule into structural alterations that result in movement of approximately two nucleotides, presumably by an inchworm mechanism. These attributes are consistent with the function of RecQ in recombination and replication.
Helicases are ubiquitous enzymes that unwind double-stranded DNA (dsDNA) to reveal single-stranded DNA (ssDNA) during essential processes such as replication, transcription, or repair. The Escherichia coli RecQ protein is a 3′ to 5′ helicase, which functions in the processes of homologous recombination and replication fork restart. Here, we analyzed the relationship between ATP hydrolysis by RecQ and its translocation on ssDNA. We monitored a single round of RecQ translocation on ssDNA by measuring the rates of inorganic phosphate release during translocation, and the dissociation of RecQ from ssDNA. We find that RecQ translocates with a rate of 16ðAE4Þ nucleotides/s and moves on average only 36ðAE2Þ nucleotides before dissociating. Fitting to an n-step kinetic model suggests that the helicase displays a nonuniform translocation mechanism in which it moves approximately five nucleotides rapidly before undergoing a rate-limiting kinetic slow step. Unexpectedly, RecQ requires a length of 34ðAE3Þ nucleotides to bind and translocate on ssDNA. This large site size suggests that several monomers are required to bind DNA prior to translocation. Energetically, the RecQ helicase couples the hydrolysis of one ATP molecule to the translocation of more than one nucleotide (1.6 AE 0.3). Thus, our data show that RecQ translocates on ssDNA by efficiently coupling the hydrolysis of one ATP molecule into structural alterations that result in movement of approximately two nucleotides, presumably by an inchworm mechanism. These attributes are consistent with the function of RecQ in recombination and replication.
DNA motor | DNA repair | DNA unwinding | recombination A diverse group of enzymes, the helicases play a prominent role in replication, repair, and recombination by unwinding double-stranded DNA (dsDNA). Moreover, these motor enzymes function by translocating on single-stranded DNA (ssDNA)-a process that can be as important in vivo as unwinding dsDNA. Important cellular processes that are carried out by translocating enzymes include removal of secondary structure from ssDNA, movement of Holliday junctions, and displacement of bound proteins from ssDNA (1) .
A 3′ to 5′ helicase from E. coli, RecQ is the founding member of the RecQ-family of helicases (2) . These enzymes belong to helicase superfamily-2 (SF2), but are more closely homologous to one another (3) (4) (5) . Members of this family include Bloom (BLM), Werner (WRN), RECQ1, RECQ4, and RECQ5 from humans, Sgs1 from Saccharomyces cerevisiae, and Rqh1 from Schizosaccharomyces pombe (6) . These proteins play important roles in DNA recombination and repair in their respective organisms. The function of BLM, WRN, and RECQ4 proteins are of particular interest because mutations in these helicases lead to Bloom's, Werner's, and Rothmund-Thomson syndromes, respectively. These genetic disorders are characterized by genomic instability and an increased incidence of cancer (6) .
Recent studies of helicases are demonstrating the importance of translocation in lieu of, or in addition to, helicase activity. Helicases involved in recombination, such as Srs2 from S. cerevisiae, BLM, and RECQ5 negatively regulate recombination by acting as translocases to remove Rad51 protein from ssDNA (7-10), demonstrating a major biological function for translocation on ssDNA. A further example of an essential cellular function for translocation is provided by the DExH/D family of proteins. This family comprises a group of RNA helicases that are essential for RNA metabolism. The DExH/D helicases can unwind duplex RNA (11, 12) , but equally importantly, these enzymes remodel both RNA structures and protein-ssRNA complexes (13) .
The mechanisms of dsDNA unwinding and ssDNA translocation by RecQ are not well understood. In vitro, RecQ can unwind a variety of dsDNA substrates that mimic intermediates formed during homologous recombination (14, 15) . RecQ can unwind plasmid-length dsDNA in the presence of SSB, which sequesters the unwound ssDNA strands (16) . DNA unwinding by RecQ is cooperative with respect to ATP concentration, with a Hill coefficient of about 3, indicating that at least three monomers of RecQ comprise the active unwinding unit. However, from these steady-state experiments, it was not possible to determine the energetics of DNA unwinding relative to ATP hydrolysis.
Several translocation mechanisms for helicases have been proposed: Two popular mechanisms are the inchworm and the Brownian ratchet (1, 17, 18) . The SF1 helicases Bacillus stearothermophilus PcrA and E. coli UvrD move using an "inchworm" mechanism (18) (19) (20) (21) . The motor domains of these enzymes are comprised of two DNA binding sites. The binding of ATP induces a change in the position of the binding sites relative to one another, resulting in a movement wherein the trailing domain moves towards the leading one. When bound to DNA, the hydrolysis of ATP followed by release of ADP and phosphate causes coordinated domain opening and translocation of the helicase. These conformational changes, coupled to cycles of ATP hydrolysis and release of ADP and phosphate, result in a stepping movement of one nucleotide along the DNA lattice. In contrast, kinetic studies of NS3h helicase from Hepatitis C virus were interpreted to show that this enzyme unwinds DNA using a Brownian motor mechanism (17, 22) . In this model, ATP hydrolysis does not drive sequential steps of translocation; rather, when ATP is bound, movement is random. Directional movement results from an asymmetric energy landscape, which arises from binding of the helicase to ssDNA and the associated cycles of nucleotide cofactor binding and hydrolysis. Unlike PcrA and UvrD, NS3h has one binding site for DNA. When the helicase binds ATP, the affinity for ssDNA is decreased. In this state, NS3h can move randomly, forward or backward, on the DNA lattice. Upon hydrolysis of the ATP, the helicase has a higher affinity for ssDNA and is locked into its current position. In contrast to the inchworm model, in this model ATP hydrolysis is not tightly coupled to translocation and multiple ATP molecules are hydrolyzed, inefficiently, before the helicase can take a step forward (1, 17) .
In this paper, the pre-steady-state kinetics of translocation by RecQ on ssDNA are defined. We measured the rates of ATP hydrolysis by RecQ by tracking the phosphate released during a single round of translocation on oligonucleotides of increasing length. In parallel, we measure the lifetimes of RecQ-ssDNA complexes. The data were analyzed using an n-step model for enzymes translocating on ssDNA (20) . We established parameters for translocation including the rate, processivity, kinetic step size, and coupling efficiency. Both a kinetic mechanism and a translocation model are proposed for RecQ and are discussed in the context of RecQ-family helicase function.
Results

Fluorescent Assays Measure Different Kinetic Aspects of Translocation
To monitor translocation on ssDNA, we took advantage of two fluorescence methods (Fig. 1A) : (i) measuring the amount of ATP hydrolyzed in one round of translocation by RecQ on ssDNA by using a fluorescent sensor for inorganic phosphate (P i ) (23, 24) ; and (ii) measuring the lifetime of RecQ-ssDNA complexes by monitoring the dissociation kinetics via changes in the intrinsic tryptophan fluorescence (23, 24) . The fluorescent sensor for P i is phosphate binding protein (PBP) labeled with a coumarin fluorophore (MDCC) as described previously (25, 26) .
In a Single Round of Translocation on ssDNA, RecQ Displays a Rapid Phase of ATP Hydrolysis Followed by a Slower Phase Both the rate of translocation and the efficiency of coupling to ATP hydrolysis by RecQ on ssDNA were monitored using MDCC-PBP. To interpret the results, we used an n-step kinetic model defined previously to describe translocation by a helicase on ssDNA (24) (Fig. 1B) . To ensure that the reaction reflected just a single round of translocation by RecQ, we used heparin to sequester the free RecQ protein. RecQ was initially incubated with ssDNA, and then rapidly mixed with ATP and heparin using a stopped-flow apparatus. RecQ is expected to translocate, dissociate from the ssDNA, and then bind to the heparin, resulting in only one round of translocation. In Fig. 2A , kinetic traces from the phosphaterelease assay are shown for ssDNA of increasing length. We observed an initial rapid phase of phosphate release, followed by a substantially slower steady-state increase in phosphate production. As the length of ssDNA was increased, the duration and amplitude of the rapid phase increased as well. Only a slight amount of phosphate (1 P i RecQ) was produced when an oligonucleotide of 30 nucleotides (nt) was used ( Fig. 2A) . We inferred that the rapid phase of phosphate release is due to translocation on ssDNA, whereas the slow steady-state rate of phosphate release is from RecQ that transiently dissociates from the heparin, and subsequently rebinds the ssDNA (Fig. S1A) . Heparin alone does not stimulate ATP hydrolysis by RecQ (Fig. S1B) . Mixing of RecQ with a solution of dT 70 , heparin, and ATP results in the disappearance of the rapid phase of phosphate release, whereas a low level steady-state phase is still detectable (Fig. S1B) . These control experiments support our interpretation that the initial rapid phase is due to translocation and ATP hydrolysis by RecQ, whereas the slow phase is due to infrequent rebinding of RecQ to ssDNA. A similar effect was also observed for experiments monitoring translocation of UvrD on ssDNA (23) .
The kinetic traces for phosphate release were fit to Eq. 3, and the amplitude, A, of the rapid phase was plotted for each DNA length (Fig. 2B) . Above a length of 30 nucleotides, the amplitude increases linearly with length until 60 nucleotides, whereupon the points noticeably begin to deviate from a line. The concentration of ssDNA is saturating with respect to the concentration of RecQ: increasing the concentration of the shortest oligonucleotide that resulted in an appreciable rapid phase of phosphate release (dT 35 ) showed no change in the amplitude of phosphate release (Fig. S2) . Thus, we interpret the deviation of the observed amplitude from a straight line to mean that, above 60 nucleotides, the length of the ssDNA is greater than the processivity of RecQ. On these longer substrates, RecQ does not always reach the end of the lattice, and dissociates from internal DNA sites. Because the amplitude for lengths below 60 nucleotides increases linearly, we assume that RecQ reaches the end of these molecules, and then dissociates. The linear portion of the data in Fig. 2B was fit to a line and a slope of 0.28 AE 0.02 P i ∕½RecQ∕nucleotide was determined (Fig. 2B , black dashed line). The reciprocal of the slope is an estimate of the coupling efficiency per nucleotide, c∕m, of translocation by RecQ (see Table 1 for definitions). However, one also needs to correct for the fact that RecQ binds randomly to the oligonucleotide substrate rather than starting at an end (27) . Thus, on average, only half of the length of each oligonucleotide is available for translocation. With this assumption, the slope is multiplied by 2, resulting in 0.56 AE 0.04 ATP molecules hydrolyzed to move one nucleotide. This approximate estimate indicates that RecQ moves approximately two nucleotides for every ATP molecule hydrolyzed.
To determine the rate of translocation, the reciprocal of the observed kinetic rate constant for phosphate production from the rapid phase of each kinetic trace was plotted versus DNA length (Fig. 2B, blue triangles) . The reciprocal of the observed rate constant is related to the kinetic lifetime of the complex responsible for the rapid phase of phosphate release. The duration of this phase increases with the length of the oligonucleotide, consistent with the idea that RecQ is translocating to the end of the ssDNA and then dissociating. However, again, the duration of the rapid phase is linear only up to a length of 60 nucleotides, again implying that lengths above 60 nucleotides exceed the processive distance for translocation by RecQ, and that RecQ begins to dissociate from an internal site prior to reaching an end. A linear fit to the data between 35 and 60 nucleotides gives a slope of 0.037AE 0.001 seconds∕nucleotide (Fig. 2B, blue line) . Again, we assume binding of RecQ occurs, on average, in the middle of each oligonucleotide. Thus, from the slope of the line and our assumption, we estimate a translocation rate of 14 AE 0.4 nt∕s for RecQ on ssDNA. Addition of ATP initiates translocation. Each kinetic step is coupled to hydrolysis of ATP, described by the coupling efficiency, c. By measuring the phosphate released using the fluorescent phosphate-binding protein, the coupling coefficient and rate of translocation are determined. Additionally, the quenching of tryptophan fluorescence was monitored to determine kinetic lifetimes. (B) Schematic of the n-step kinetic model describing translocation. The helicase (E) is initially prebound to ssDNA (DNA). The enzyme translocates along the lattice in distinct, measurable kinetic steps (E-DNA i , the ith species), hydrolyzing ATP until reaching the end.
The Lifetime of RecQ-ssDNA Complexes Reveals Slower Dissociation from Internal ssDNA Binding Sites than from ssDNA Ends. Deduction of a comprehensive kinetic model for RecQ function requires an evaluation of many kinetic states (24) . To both reduce the number of fitting parameters and increase the accuracy of the model, we independently determined the rate constant for dissociation of RecQ from internal ssDNA binding sites, k d . Poly dT was used because of its large size (approximately 4,000 nt), ensuring a high probability of dissociation from an internal site relative to dissociation from an end, and to permit direct comparisons to the dT-containing oligonucleotides used herein. We observed that the native tryptophan fluorescence of RecQ was quenched upon addition of poly dT ( Fig. S3 ) and took advantage of this property to measure the rate of RecQ dissociation from both poly dT and the oligonucleotides that were used in the phosphate-release assays.
RecQ was prebound to the ssDNA, and then rapidly mixed with ATP and heparin: dissociation of RecQ resulted in an increase in fluorescence (Fig. 3A) . As the length of DNA was increased, the duration of the dissociation trace increased as well (Fig. 3A) . The fluorescence increase is due to the dissociation of RecQ from ssDNA and not from binding of the helicase to heparin: experiments in which RecQ was mixed with heparin show no change in tryptophan fluorescence (Fig. S4 ). Each kinetic trace for dissociation of RecQ from ssDNA was fit to a single exponential function to obtain an observed rate constant for dissociation, k obs , and amplitude. Plotting the reciprocal of k obs versus the length of the oligonucleotides showed that the characteristic relaxation time of the RecQ-ssDNA complexes increased linearly up to 60 nucleotides ( Fig. 3B ) and then began to plateau; this result coincided almost exactly with the data obtained from the phosphaterelease assay (Fig. 2B) .
For poly dT, RecQ dissociated much more slowly than from the other DNA substrates, indicating that the length of poly dT is much greater than the processivity of RecQ. The lifetime of the RecQ-ssDNA complexes increases with DNA length because k obs becomes more dependent on the dissociation rate constant from internal DNA sites, k d , which is slower than the dissociation rate constant from DNA ends, k end ( Table 1 ). The data for dT 35 dT 60 were fit to a line to obtain a slope of 0.019 AE 0.001 s∕nt. The inferred translocation rate is the inverse of the slope corrected for the random binding of RecQ to ssDNA. Thus, the inverse of the slope was divided by two to obtain an estimate of approximately 26 nt∕s for the translocation rate. Global fitting of all kinetic traces, described below, yielded a value of 16 AE 4 nt∕s, which is a more robust measure of the translocation rate (Table 1) .
In addition, we could determine the translocation processivity of RecQ from the values of the forward and dissociation rate constants (Eq. 1) to be 0.952 AE 0.005; this parameter is the probability that RecQ will translocate with an additional kinetic step on ssDNA. Consequently, on average, RecQ translocates 21 AE 2 nucleotides before dissociating from ssDNA (Eq. 2). This value, however, is calculated in the presence of heparin, which we determined actually promotes dissociation of RecQ from ssDNA ( Fig. S5A) . To determine the unperturbed processivity, we measure k d as a function of heparin concentration, and extrapolated the values to zero heparin (Fig. S5B ). In the absence of heparin, P ¼ 0.972 AE 0.002, and RecQ translocates on average 36 AE 2 nucleotides before dissociating (Table 1) .
RecQ Couples the Hydrolysis of One ATP Molecule to the Movement of
Approximately Two Nucleotides During Translocation. To determine the kinetic parameters for translocation by RecQ on ssDNA, we used the n-step kinetic model defined previously (24) . Using this formalism, the translocation of a helicase on, and dissociation from, DNA are given by Eq. 6. As detailed in the Supporting Information, three sets of traces for dissociation of RecQ from dT 35 -dT 80 were globally fit to Eq. 6. The results (Fig. 4A , black curves) gave values for the global translocation parameters: k t , the forward stepping rate constant; k end , the dissociation rate constant; and r, the probability of RecQ binding ssDNA internally The parameters k t , k end , and r were determined by fitting the data in Fig. 4A to Eq. 6. The values are reported as an average of the three datasets with standard deviation. The dissociation rate constant from internal ssDNA sites was determined from experiment with poly dT using Eq. 4 (Fig. S5) . The values for the binding site size, d, and kinetic step size, m, were determined from linear least squares fitting to the data in Fig. 4B . The coupling efficiency, c, and site size, d, in the "P i release" data column were determined from the fit of Eq. 8 to the amplitudes of the phosphate-release data in Fig. 2B .
versus an end (Table 1) , as well as the number of kinetic steps, n, RecQ takes for each length of DNA (see Fig. 4B ). The rate constant for dissociation of RecQ from internal ssDNA sites, k d , is the measured dissociation rate constant for the RecQ-poly dT complex, and it was held constant throughout the fit. The kinetic step size, m, was determined by plotting the number of kinetic steps versus the oligonucleotide length and then fitting Eq. 7 to the data (Fig. 4B) . We observed that above 60 nucleotides the number of steps RecQ takes on longer DNA substrates deviates from a straight line. As a result, we only fit the first six points (dT 35 -dT 60 ) to Eq. 7 to determine the kinetic step size; RecQ has a kinetic step size, m, of 5.3 AE 0.9 nucleotides • step −1 and a site size, d, of 34 AE 3 nucleotides.
We used the parameters that were obtained from fitting of Eq. 6 to the dissociation traces to calculate the relationship of ATP hydrolysis to translocation for RecQ. In the above analysis of the phosphate-release data, we assumed that the processivity of RecQ on the shorter oligonucleotides (dT 35 -dT 60 ) was unity. This simplification assumes that, for shorter oligonucleotides, RecQ will always reach the DNA end, which may underestimate the coupling efficiency. To confirm our qualitative, but intuitive, analysis of the coupling efficiency and to more accurately calculate the number of ATP molecules coupled to each kinetic step, we used Eq. 8 to fit the amplitudes of the kinetic traces for the phosphate-release data in Fig. 2B (black line) (23) . The values r and m in Eq. 8 were fixed as the values determined from analysis of the dissociation experiments, and the parameters for the site size (d), and the coupling efficiency (c) were obtained by fitting as detailed in the Supporting Information. Our analysis of the phosphate-release data shows that RecQ has a binding site size of 34 AE 1 nucleotides and a coupling efficiency of 3.4 AE 0.4 ATP per kinetic step (Table 1) ; these parameters are in good agreement with those obtained from the independent dissociation data. Taking the value of the coupling efficiency (c) with the value of the kinetic step size (m), we calculate that RecQ uses 0.6 AE 0.2 ATP molecules per nucleotide stepped, or that approximately two nucleotides are traversed for every one ATP molecule hydrolyzed, consistent with the value determined above from the linear fit of the data in Fig. 2B Discussion Little is known about the mechanism of translocation for RecQ helicases in comparison to SF1 and other SF2 helicases. As such, we analyzed the kinetics of a single round of translocation of RecQ on ssDNA by monitoring the dissociation of RecQ from oligonucleotides of defined sizes and measuring the associated ATP hydrolysis (Table 1) . RecQ translocates on ssDNA with a rate of 16 AE 4 nucleotides per second and a processivity (P) of 0.972 AE 0.005, which means that RecQ translocates 36 AE 2 nucleotides on average before dissociating from ssDNA. This value is consistent with steady-state analysis of ATP hydrolysis, which also indicates that the enzyme travels approximately 19 AE 6 nucleotides before dissociating from ssDNA (28) . Finally, we determined that RecQ advances more than one nucleotide (1.6 AE 0.3) per ATP hydrolyzed. Because our kinetic analysis demonstrates that RecQ tightly couples ATP hydrolysis to movement on DNA, with 0.6 molecules of ATP hydrolyzed per nucleotide moved, we suggest that the enzyme translocates via an inchworm mechanism. Had the mechanism for translocation been that of a Brownian Ratchet, one would have expected the ratio of ATP hydrolyzed to nucleotides stepped to be greater than one (1) .
UvrD and PcrA helicases, both SF1 helicases, couple the hydrolysis of one ATP molecule to step 1 nucleotide (19, 20, 23) . Structural and biochemical analysis of the PcrA and UvrD proteins reveal that translocation occurs by the binding and relative motion of the N-and C-terminal core domains (domains 1A and 2A) (5) . When the helicase domain is bound to ssDNA, a cleft between domain 1A and 2A serves as the site for ATP binding. Upon binding of the nucleotide cofactor, the cleft closes around the ATP molecule, and the nucleotides of ssDNA are flipped between binding pockets on the surface of the 1A and 2A domains. Hydrolysis results in the release of the nucleotide cofactor and opening of the cleft. Repeated cycles of binding and hydrolysis followed by opening and closing of the cleft lead to translocation in a motion similar to an inchworm. Although similar studies of the RecQ helicase are not available, the crystal structure for RecQ does support a similar translocation mechanism (29). RecQ contains both the N-and C-terminal core domains found in SF1 helicases. Furthermore, residues that have been shown to be essential for coupling ATP binding and hydrolysis to translocation are essential for the activity of RecQ (30) . These data, together with the coupling efficiency for translocation, argue that RecQ uses a similar mechanism for translocation as SF1 helicases, but notably, with a step size of two nucleotides per ATP hydrolyzed. Interestingly, a kinetic analysis of a different SF2 helicase, RecG, led to the conclusion that RecG unwinds 3 base pairs per ATP hydrolyzed (31) . Moreover, recent single-molecule analysis of the NS3 helicase led to the observation of individual steps that ranged from 1-3 bp in size, with 0.5 bp increments, during unwinding of an RNA duplex (32) . Thus, it appears that the translocation step of at least three SF2 motors is larger than that of the prototypical SF1 motors. The (A) The kinetic traces from Fig. 3 were globally fit to Eq. 6. Shown are the best fits to the n-step kinetic model (black line) using the parameters summarized in Table 1 . (B) Plot of the maximum number of kinetic steps as a function of oligonucleotide length. The data are linear with respect to the DNA lengths up to 60 nucleotides. The solid line is a fit to Eq. 7. Fitting of Eq. 7 to three datasets yields a kinetic step size of 5.3 AE 0.9 nt per kinetic step, and a binding site size of 34 AE 3 nt.
likely explanation for RecQ is that the movement of the two RecAdomains is sufficiently large to span two nucleotides; the fact that only 1.6 nucleotides are translocated per ATP hydrolyzed implies that either the physical movement is always two nucleotides (or larger) but some events are nonproductive, or that RecQ can undergo a mixture of both 1-and 2-nucleotide steps due to variations in the domain movements that accompany translocation. Our kinetic model suggests that the affinity of RecQ for ssDNA cycles during translocation due to the binding and hydrolysis of ATP. Binding of ATP results in a high affinity of RecQ for ssDNA, while either the hydrolysis to ADP and phosphate, or release of the cofactor products equivalently decreases affinity, contributing to dissociation of RecQ from the DNA. Analysis of the binding of RecQ to ssDNA shows that either of the nonhydrolysable ATP analogues, adenosine 5′-(β,γ-imido) triphosphate (AMP-PNP) and adenosine 5′-O-(3-thio) triphosphate (ATPγS), increases the equilibrium binding affinity of RecQ for ssDNA relative to the affinity in the presence or absence of ADP, which is the same (27, 33) . These data support a DNA binding affinity cycle similar to that of E. coli RecA, in which ATP binding increases the affinity of the protein for ssDNA, whereas hydrolysis leads to cofactor product states with lower affinity (33) . The observed modulation of the ssDNA-binding affinity of RecQ suggests that dissociation of the protein most likely occurs after ATP hydrolysis. Thus, the dissociation rate constant, k d , likely measures dissociation of the non-ATP-bound forms of RecQ.
The simplest model suggested by the kinetic analyses is that RecQ takes three fast kinetic steps, where each kinetic step consumes one ATP molecule to translocate two nucleotides, followed by a kinetically slow step. A nonuniform translocation model was also proposed for NS3 and UvrD helicases (23, 34) . In the case of NS3 protein, a large unwinding step size was observed to consist of smaller kinetic step sizes (32) . For the translocation by UvrD, nonuniform stepping was also observed wherein the helicase took four fast kinetic steps to translocate four nucleotides (23) . RecQ may utilize a mechanism similar to UvrD for pulling on ssDNA via one of the core domains during the fast kinetic steps, while the slow kinetic step comes about when the lagging core domain releases the bound ssDNA. Unfortunately, the basis for the nonuniform stepping of these helicases is not well understood (24); however, a recent analysis shows that static heterogeneity in the translocation rates of individual molecules leads to an overestimate in the step size determined from ensemble kinetic analysis (35) . This interpretation would suggest that RecQ displays an intrinsic heterogeneity with regard to translocation, an interpretation that is in accord with single-molecule data (28) .
An explanation for the large site size (34 AE 3) of RecQ could be that a higher-ordered structure is required for efficient translocation. Several experimental observations suggest that three molecules, or more, of RecQ are needed for highest activity. First, ATP hydrolysis by RecQ is cooperative with respect to ATP concentration with a Hill coefficient of 2 (28) . The unwinding of plasmid-length DNA is cooperative in ATP concentration as well, with a Hill coefficient of 3 (16) . These data imply that at least two to three monomers of RecQ are involved in both the translocation on ssDNA and the unwinding of dsDNA. Second, RecQ is observed to bind to ssDNA with an equilibrium site size of 10 and a cooperativity of approximately 25 (36) , implying that monomers interact with one another. Steady-state ATP hydrolysis assays on short oligonucleotides indicate that RecQ requires a length of at least 10 nucleotides to hydrolyze ATP (28) . Assuming this site size reflects the requirement for a monomer of RecQ, then three monomers of RecQ would require 30 nucleotides to efficiently bind ssDNA prior to translocation. Based on structural and biochemical data, a "directed subunit-hand-off" model was proposed for translocation of the Rho transcription termination protein along RNA where each monomer advanced one step (one nucleotide, in this case) sequential in an asymmetric hexameric structure (37) . Although the needed structural information for RecQ is currently insufficient to permit direct comparison, it is possible that a related sequential hand-off model is being used by RecQ multimers to advance along ssDNA in 2 nucleotide steps.
Interestingly, translocation by RecQ on ssDNA is slower and less processive than for other helicases. UvrD and PcrA translocate on ssDNA with rates of 193 nt∕s and 233 nt∕s, and processivities of 230 and 250 nucleotides, respectively (19, 20, 23) . RecQ translocates with a 12-fold slower rate and 10-fold lower processivity on ssDNA. Thus, RecQ is not expected to be a rapid and processive helicase. Because the processivity for translocation is low, a protomer of RecQ is incapable of unwinding long regions of dsDNA in a single binding event. In seeming contradiction, RecQ can unwind plasmid-length dsDNA, but titrations revealed that SSB protein is required and the maximal rate of unwinding occurs at 1 RecQ monomer per 30 bp (16) . This value is in agreement with our kinetic data for translocation, and suggests that while a RecQ protomer unwinds only a short region of dsDNA (approximately 30 bp), it can perform multiple rounds of binding and unwinding and/or many protomers can act autonomously to separate longer lengths of dsDNA, provided that SSB is present to trap the unwound strands of DNA and prevent the formation of nonproductive RecQ-ssDNA complexes.
Our analysis of the translocation by RecQ also illuminates the in vivo functions of this enzyme. RecQ functions at both the initial and terminal steps of genetic recombination (14, (38) (39) (40) . At the initiation stage of DNA recombination, RecQ unwinds dsDNA and allows a RecJ, a 5′ to 3′ exonuclease to process the ssDNA, resulting in 3′ terminated overhang used for homologous pairing by the RecA protein (40) . In addition, these two proteins also process ssDNA gaps at the sites of stalled replication forks (41) . For homologous recombination, the minimal efficient processing segment (MEPS) is approximately 40 bp for the RecF-dependent pathway (42) . This value is the minimum length required by RecA to carry out DNA strand exchange and, interestingly, is on the order of the processivity of RecQ. Thus, processing of a dsDNA break or ssDNA gap does not need to be extensive during recombination, reflecting the capability of RecQ to translocate and unwind only 30 base pairs per binding event; if more extensive unwinding tracts are needed, for example, to unwind through regions of DNA heterology, then multiple RecQ protomers can cooperate to unwind large regions of dsDNA (16, 28) . In addition, RecQ, in conjunction with Topoisomerase III (Topo III), promotes catenation and decatenation of dsDNA, a conserved aspect of RecQ-family function (43, 44) . This biochemical activity is important for dissolving double Holliday junctions during the last step of recombination (43, 44) and to separate the terminal regions of dsDNA during replication (45) . To allow Topo III to catenate or decatenate DNA molecules, RecQ need only unwind a few base pairs to allow the type I topoisomerase to bind and function. Thus, the mechanism of unwinding by RecQ is well suited for its roles in vivo.
Materials and Methods
Proteins and DNA RecQ was purified as described (14) . Phosphate binding protein (PBP) was purified and labeled with 7-diethylamino-3-((((2-maleimidyl) ethyl)-amino) carbonyl) coumarin (MDCC) as described (25, 26) . Oligonucleotides and poly dT were purified as in SI Text.
Equations and Data Analysis
The model and analysis was essentially as described (24) . The equations used are listed below; parameters are defined in Table 1 or below. Analytical details are found in the SI Text:
where A is the amplitude, k obs is the observe rate constant, and k ss the rate constant for steady-state ATP hydrolysis.
where k obs is the observed rate constant, k d is the intrinsic dissociation rate constant from internal DNA sites, k d;heparin is the dissociation rate constant in the presence of heparin.
where FðtÞ is the observed fluorescence; n, the number of kinetic step; and s, the Laplace variable.
where L is the DNA length in nucleotides, d is the binding site size for RecQ.
where the processivity, P, in Eq. 8 is defined as P ¼ kt kt þkd .
Equilibrium Binding, Dissociation, and Phosphate-Release Assays Equilibrium binding was monitored using a fluorimeter (SLM-ISS) (26, 46) . Rapid kinetic experiments used an SX.18MV-R stopped-flow reaction analyzer (Applied Photophysics); the final concentrations were 0.1 μM RecQ, 0.3 μM (molecules) oligonucleotide, 0.5 mM ATP, 0.5 mM MgðOAcÞ 2 and 0.5 mg∕mL heparin, in 25 mM TrisOAc (pH 7.5) and 0.1 mM DTT. Phosphate-release assays contained 3 μM MDCC-PBP, and the buffer had a phosphate-mop consisting of 0.01 Units∕mL of bacterial purine nucleoside phosphorylase and 100 μM 7-methylguanosine. Details are in SI Text. (1) . Oligonucleotides were purchased from Integrated DNA technologies (IDT) and purified by denaturing polyacrylamide (12%) gel electrophoresis using 8 M urea, followed by gel extraction and ethanol precipitation. Oligonucleotide concentrations were determined using an extinction coefficient of 9;600 M −1 cm −1 at 267 nm (2) . Poly dT (Sigma-Aldrich) was resuspended in 10 mM Tris HCl (pH 7.5) and 1 mM EDTA; according to the manufacturer, the average length was 4,000 nucleotides. Concentration (in nucleotides) was determined using an extinction coefficient of 8;520 M −1 cm −1 at 260 nm (2).
Reagents. 7-diethylamino-3-((((2-maleimidyl) ethyl)-amino) carbonyl) coumarin (MDCC) was purchased from Molecular Probes. The dry powder was resuspended in DMSO to a concentration of 50 mM and kept at −20°. 7-methylguanosine (MEG) was purchased from Sigma-Aldrich, resuspended in Nanopure water and stored at −20°. Heparin (Sigma-Aldrich) was resuspended in 10 mM Tris HCl (pH 8.0) and 1 mM EDTA (TE buffer). The solution was then dialyzed extensively against TE buffer to remove any contaminants.
Labeling reaction. The concentration of E. coli Phosphate binding protein (PBP), containing the A197C mutation, was determined using an extinction coefficient of 60;880 M −1 cm −1 at 280 nm (3). The PBP was labeled with 7-diethylamino-3-((((2-maleimidyl) ethyl)-amino) carbonyl) coumarin (MDCC) as described (3) . The concentration and the amount of labeling were calculated as described (3) (4) (5) . The degree of labeling was calculated by taking A 280;corrected ∕A 430 , where A 280;corrected is the absorbance of PBP corrected for the contribution of MDCC. The degree of labeling for the two preparations used in this study was 2.0 and 1.8, indicating that some protein was unlabeled (4, 5) . Tests were conducted on each preparation to determine the stoichiometry of P i binding and characterize the linearity of the fluorescence change. Accordingly, we find that approximately 70-75% of MDCC-PBP is responsive to inorganic phosphate, which is due to unlabeled PBP, as well as labeled but unresponsive MDCC-PBP (5).
Equations and data analysis. The n-step kinetic mechanism assumes that RecQ, bound to ssDNA with a binding site size, d, in nucleotides, undergoes multiple kinetic steps on ssDNA, with a forward kinetic rate constant, k t (6). At each step, RecQ either moves forward or dissociates with a dissociation rate constant, k d . During each kinetic step, RecQ binds and hydrolyzes ATP, followed by release of ADP and P i . At saturating concentrations of ATP, this process occurs much faster than the translocation rate and these enzymatic steps are folded into one step in which RecQ couples the hydrolysis of c ATP molecules, where c is defined as the coupling efficiency (6) . Each kinetic step leads to translocation by RecQ over a number of bases. The kinetic step size, m, describes the number of nucleotides RecQ translocates in one kinetic step. Multiplying m by k t gives the translocation rate of RecQ in nucleotides per second. Translocation coupled to hydrolysis occurs until RecQ reaches the end of the lattice, and dissociates from the end with a dissociation rate constant, k end .
The processivity is defined as the probability for RecQ to moving forward as opposed to dissociating from the ssDNA. Processivity, P, is given by Eq. S1 (6, 7)
where m, k t , and k d are as described before. A more intuitive value is the average number of nucleotides translocated by RecQ in a single round of translocation or N av (Eq. S2).
The kinetic traces measuring phosphate release were fit to Eq. S3 using GraphPad Prism v5.0:
where A is the amplitude of phosphate released, k obs is the observe rate constant, and k ss the rate constant for steady state ATP hydrolysis.
The kinetic traces for the dissociation of RecQ from poly dT (6) were fit to Eq. S4 using GraphPad Prism v5.0:
where A is the amplitude of the fluorescence change and k obs is the observed rate of dissociation of RecQ from internal DNA regions.
The dependence of the observed dissociation rate constants on heparin concentration were fit to Eq. S5 (6) using GraphPad Prism v5.0:
where k obs is the observed rate constant, k d is the intrinsic dissociation rate constant from internal DNA sites, k d;heparin is the dissociation rate constant in the presence of heparin. The kinetic traces for dissociation of RecQ from oligonucleotides were fit to Eq. S6 (6) .
In this equation, the fluorescence FðtÞ is given as a function of the several kinetic parameters mentioned above (k t , k d , and k end ) as well as r, the probability or ratio of the helicase binding internal DNA sites versus the ends of DNA, n, the number of kinetic step, and s, the Laplace variable (6) . The value of the amplitude, A, is equal to the fluorescence change associated with tryptophan quenching. The step size, m, of the helicase is determined by monitoring presteady state translocation on increasing DNA lengths, globally fitting the solution for Scheme 1 and determining the number of kinetic steps, n, required to translocate on each DNA length. The software program Scientist version 3.0 (Micromath) was used to fit the n-step model to the dissociation traces obtained with oligonucleotides using the inverse Laplace function and nonlinear least squares (NLLS) algorithm.
Using Eq. S6, we fit three sets of kinetic data. In each case, a dataset consisting of eight traces, dT 35 -dT 80 , was globally fit to Eq. S6. For each fit, k t , k end , and r, k d were global parameters, while A and n were allowed to float for each trace. To simplify the fitting, we constrained k d to be the value determined from the dissociation experiments with poly dT. Despite this constraint, converging to a solution was still difficult. To aid in the fitting of the model, a subset of the data, dT 40 -dT 60 , was initially fit to Eq. S6. Once parameters for k t , k end , and r were obtained, the larger dataset was fit (dT 35 -dT 80 ) with k d , k end and r held fixed, and only k t allowed to fit globally. Values reported in table 1 are the mean of the three datasets and the error is the standard deviation of the three values.
The kinetic step size was determined by a linear-least squares analysis of the data to Eq. S7 using GraphPad Prism v5.0 (6).
In this equation, L is the DNA length in nucleotides, d is the binding site size of the helicase, and m is the kinetic step size. The dependence of the amplitudes of the rapid phase of phosphate release were fit using to Eq. S8 (6),
where the parameters r, n, are described above and the processivity, P, is defined as P ¼
. Eq. S8 is a simplification of timedependent production of ADP from the n-step kinetic model at infinite time where c is the coupling efficiency (the number of ATP molecules hydrolyzed per kinetic step) (6) . GraphPad Prism v.5 was used to fit Eq. S8 using NLLS by holding the values for step size m and r constant, and letting the processivity, P, coupling efficiency, c, and site size, d, be fitted parameters. We found that although the value of c itself was not well constrained in the fitting, the ratio, m∕c, was well defined as determined by varying the fitting parameters and constraints. The values reported in Table 1 are the best-fit value and the standard deviation.
Equilibrium binding experiments. Spectra for equilibrium binding of RecQ to poly dT were collected on a SLM fluorimeter controlled by Vinci Software (ISS). Excitation and emission wavelengths and slit-widths were set to 8 mm. Binding of poly dT to RecQ was carried out in 25 mM TrisOAc (pH 7.5) and 25 mM NaCl. This solution (350 μL) was added to a 700 μL quartz cuvette (Starna Cells), and RecQ was added to a final concentration of 0.5 μM. The solution was incubated at 25°for 2 min at each titration point before data acquisition was started. The native tryptophan residues were excited at 280 nm and the fluorescence emission was observed at 340 nm. Fluorescence emission was observed for 10 s, and the mean intensity was recorded for each titration point.
To monitor binding of inorganic phosphate to MDCC-PBP, titrations were carried out in solution containing 25 mM TrisOAc (pH 7.5) and 1 mM DTT. The reaction solution (350 μL) was added to a 700 μL quartz cuvette, along with MDCC-PBP to a final concentration of 3 μM. The fluorophore was excited at 430 nm and the fluorescence emission was observed at 465 nm. NaH 2 PO 4 at the indicated concentrations was added and the solution was incubated for 2 min prior to taking a reading. The activity of the inorganic phosphate sensor was determined as described (3).
Stopped-flow assays. Stopped-flow experiments were conducted on an SX.18MV-R stopped-flow reaction analyzer (Applied Photophysics). All concentrations reported below are prior to mixing and the final concentrations are half of these values. Traces consisted of 1,000 points and each trace presented is an average of 5-8 traces. The experiments were repeated several times on different days to obtain a standard deviation for the amplitude and observed rate.
Dissociation assays monitored by tryptophan fluorescence. All reactions were carried out in a solution containing 25 mM TrisOAc (pH 7.5) and 0.1 mM DTT (SF buffer). Syringe 1 in the stoppedflow apparatus contained 0.2 μM RecQ, 0.6 μM molecules of thymine oligonucleotide (dT n n ¼ 30, 35, 40, 45, 50, 55, 60, 70, 75, 80) or 40 μM in nucleotides of poly dT. Syringe 2 contained 1 mM ATP, 1 mM MgðOAcÞ 2 and 1 mg∕mL heparin unless noted. Reaction solutions were allowed to incubate in their syringes, at 20°for 2 min before starting the experiment. Five reactions were shot through the flow cell to fill the apparatus with the chemistry. The excitation wavelength was set to 280 nm while fluorescence emission was filtered with a 320 nm cutoff filter. Between each experiment, the syringes were washed with Nanopure water and SF buffer prior to loading the reaction.
Phosphate release assays. All reactions were carried out in SF buffer, which included a P i mop consisting of 0.01 Units∕mL of bacterial purine nucleoside phosphorylase (PNPase (Sigma-Aldrich); resuspended in 20 mM TrisOAc (pH 7.5), and stored at −80°C and 200 μM MEG to eliminate contaminating, free phosphate. Syringe 1 in the stopped-flow apparatus contained additionally 0.2 μM RecQ, 0.6 μM molecules dT n (n ¼ 30, 35, 40, 45, 50, 55, 60, 70, 75, 80). Syringe 2 contained 6 μM MDCC-PBP, 1 mM ATP, 1 mM MgðOAcÞ 2 and 1 mg∕mL heparin unless otherwise noted. The solutions were allowed to incubate at 20°for 2 min prior to mixing. The excitation wavelength used for MDCC-PBP was 430 nm, while the emission wavelength was monitored using a 455 nm cutoff filter. Between each experiment, the syringes were washed with Nanopure water, and then filled with SF buffer containing 0.1 Units∕mL PNPase and 200 μM 7-MEG for 2 min to remove free phosphate. The syringes were then washed with Nanopure water and then filled with SF buffer without any mop.
A known, standard concentration of NaH 2 PO 4 was used to generate a standard curve relating a change in photo-multiplier tube voltage to concentration of P i for each day by mixing the inorganic phosphate against the solution in syringe 2. Heparin is known to affect the kinetics and affinity of binding of MDCC-PBP (8); hence 0.5 mg∕mL heparin was included in the solution during calibration. The fluorescence change for MDCC-PBP was determined to be linear up to 2 μM NaH 2 PO 4 . This experimental range was appropriate as the phosphate release experiments with RecQ only required measuring at most 1.5 μM P i . The Y-intercept is taken to be the rate of dissociation of RecQ from DNA in the absence of heparin.
